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Doping and temperature dependence of nuclear spin relaxation in n-type GaAs
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We investigate the strong field nuclear spin relaxation rate in n-type GaAs for doping densities from the
quasi-insulating over the metal-to-insulator up to the quasimetallic regime. The rate measured at 6.5 K increases
in the quasi-insulating regime with doping density due to nuclear spin diffusion to the donor electrons and shows
a distinct maximum at the critical density of the Mott metal-to-insulator transition. The density dependence of the
nuclear spin relaxation rate can be quantitatively calculated over the whole density regime taking into account
the effective number of localized electrons and the interaction of free electrons via the Korringa mechanism.
Only the nuclear spin relaxation rate of the very lowest doped sample shows a significant deviation from these
calculations. Temperature-dependent measurements suggest in this case an additional nuclear spin relaxation
channel which is negligible at higher doping densities and is linked to the electron spin relaxation time.
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I. INTRODUCTION

Nuclear spin relaxation (NSR) in n-doped GaAs is strongly
influenced by the presence of donor electrons [1–8]. Espe-
cially localized donor electrons interact at low temperatures
very efficiently via hyperfine contact interaction with the nu-
clear spin system. The resulting NSR times are only fractions
of a second for nuclei which are located within the Bohr radius
aB of a localized donor electron [9]. The spin relaxation of
remote nuclei is at finite external magnetic fields typically
orders of magnitude slower since the spin diffusion toward
these relaxation centers is rather slow. The NSR rate due to
diffusion, �D, can be approximated for low donor densities,
nd , and zero temperature by [10]

�D ≈ 4πDavnd aB. (1)

Paget [1] estimated with this approximation from optically
detected nuclear magnetic resonance measurements in high
purity GaAs an average nuclear spin diffusion coefficient for
the three isotopes of Dav ≈ 10−13 cm2/s.

Equation (1) describes the typical bulk NSR rate � only for
nd well below the metal-to-insulator transition (MIT) and for
temperatures where ionization of the localized donor electrons
can be neglected. At high temperatures and doping densities
above the MIT the donor electrons are delocalized and thereby
transformed from very efficient local relaxation centers to a
Fermi gas which interacts by electron spin fluctuations with
the nuclear spins. This interaction is described in the case
of free electrons in the conduction band via the Korringa
mechanism and yields a bulk NSR rate

�K = π

h̄
A2

HFv
2
0ρ

2(EF )kBT, (2)
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where AHF = μ0

4π
8π
3 γeγnh̄2 ∼= 44 μeV is the average hyperfine

(HF) interaction constant, v0 is the volume of the primitive
unit cell, ρ(EF ) is the density of states at the Fermi energy
EF , and γe and γn are the gyromagnetic ratios of electron
and nuclei, respectively [11–15]. Nuclear spin relaxation in
the region of the MIT at finite temperatures is slightly more
complex since the localization of the donor electrons changes
with increasing nd due to the overlap of the electron wave
functions and the resulting coexistence of strongly localized
electrons, weakly interacting donor electrons, the occurrence
of impurity bands, and the occupancy of the conduction band.

The combination of both major NSR mechanisms, (a) lo-
calized electrons acting as efficient spin relaxation centers
in conjunction with nuclear spin diffusion and (b) free elec-
trons as the source for the Korringa mechanism yields a good
qualitative picture of the NSR in n-doped GaAs at external
magnetic fields higher than the local magnetic field BL [16].
The so called local magnetic field results from the magnetic
interaction within the nuclei spin system and is in GaAs less
than 2 mT. We will focus in the following on the NSR in
external magnetic fields with BL � B � 100 mT, where the
influence of BL on the NSR as well as magnetic field induced
spin polarization of the donor electrons can be neglected.
The main goal is to study to which extend the unpretentious
picture outlined above describes NSR in the doping regime
from quasilocalized to quasifree electrons quantitatively.

The doping dependence of the NSR in n-GaAs has been
studied in the region of the MIT before. Recently, detailed
photoluminescence (PL), Faraday rotation, and spin noise
measurements on bulk and various microstructured GaAs
samples were carried out in Ref. [16]; however, surpris-
ingly no significant variation has been observed in the whole
regime from quasilocalized to quasifree electrons of the high
field (B � BL) NSR rate. We have therefore chosen for
the following studies a contiguous set of well-characterized,
high-quality samples, which have been extensively studied
by magnetotransport and Hanle experiments concerning their
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TABLE I. Experimentally determined doping densities nexp
d of the investigated GaAs samples. See Ref. [17] for further details on the

equally named samples and the respective temperature-dependent Hall measurements.

Sample no. S1 S3 S4 S5 S7 S8 S9 S10

nexp
d (1016 cm−3) 0.120(3) 0.658(9) 0.895(6) 1.732(7) 4.02(9) 6.02(8) 8.20(5) 10.31(5)

electrical, optical, and electron spin relaxation properties and
thus allow highly comparable measurements.

II. SAMPLES AND EXPERIMENTAL SETUP

All measurements are performed on quasi-identical, n-
doped, 2-μm-thick GaAs:Si epilayers grown by molecular
beam epitaxy with nominal doping densities ranging from
nd = 1.2 × 1015 to 1.03 × 1017 cm−3, enclosed by specially
adapted n-doped top and bottom layers in order to reduce sur-
face and interface effects due to depletion. The doping regime
covers the whole regime from strongly localized carriers up to
the fully degenerate case (Table I). A gives a short overview
of the sample parameters while Ref. [17] summarizes for
all samples in extenso doping density, detailed parameters
concerning the impurity band, hopping and/or momentum
relaxation rates at 6.5 K, the electron spin relaxation rates,
and, around the MIT, the ionized impurity scattering angles.

The nuclear spin relaxation rate is measured following
the well-established temporal scheme of (a) optical nuclear
spin initialization; (b) NSR in the dark, i.e., without optical
excitation; and (c) measurement of the remaining nuclear spin
polarization by a Hanle-like polarization measurement of the
PL. The technique is described in detail in Ref. [16] and
references therein and utilizes the shift of the Hanle curve
in the presence of nuclear spin polarization. The samples
are placed for the experiments in a microcryostat, cooled to
6.5 K if not stated otherwise, and excited repetitively for time
periods of 300 s above band gap by circularly polarized laser
light with a photon energy of 1.58 eV and an intensity as low
as 0.2 W cm−2 at the sample surface. An 800-nm short-pass
filter ensures that no residual light from the laser diode com-
promises the PL detection. A magnetic field Bpump is applied
during optical excitation by an electromagnet in nearly Voigt
geometry (≈10◦ deviation from the Voigt axis). After the
dynamic polarization of the nuclear spins, the laser excitation
is switched off by a mechanical shutter for a variable dark
time tdark during which the optically induced nuclear spin
polarization, which is directly related to an effective nuclear
magnetic field BN , relaxes. The external magnetic field is
switched during this dark time to Bdark. After tdark, the shutter
is opened again, the magnetic field is switched to Bpump, and
the degree of circular polarization of the PL is measured
time-resolved in reflection geometry by a 50-kHz photoelastic
modulator, a linear polarizer, an 800-nm long-pass filter, a
photodiode, and a lock-in amplifier. The high-quality longpass
filter is used to efficiently block laser reflections. In principle,
the degree of circular polarization directly after opening the
shutter, ρdark, is already a good indirect measure of BN af-
ter tdark. However, measuring the temporal change of the PL
polarization during optical excitation and extrapolating this
transient to the time where the shutter is opened increases
the measurement accuracy of ρdark and accordingly of the

effective BN . In practice, the nearly Voigt geometry allows
to combine the optical pumping of the nuclear spin ensemble
and the measurements of the remaining nuclear spin polar-
ization from the previous pump process into one step (see
Appendix A for further experimental details and the extraction
of BN from ρdark).

The NSR rate is measured by repeating the above mea-
surement protocol for different tdark. The inset in Fig. 1 shows
exemplary the measured BN in dependence on tdark for nd =
1.73 × 1016 cm−3 and Bdark = 2.344(44) mT. The solid blue
line is an exponential fit which yields an NSR rate � =
0.005 50(21) Hz [18]. The whole procedure is then repeated
for varying Bdark which yields the magnetic field dependence
of � as depicted in Fig. 1 for nd = 1.73 × 1016 cm−3. The
NSR rate follows the Lorentzian like function [19]

�(Bdark) = �Z
B2

dark + ξ B2
L

B2
dark + B2

L

, (3)

where ξ = �ss/�Z with �ss and �Z being the spin relaxation
rates originating from the spin-spin and the Zeeman inter-
action term, respectively. The ratio ξ is a fitting parameter
and weights the heat capacities due to spin-spin coupling and
due to Zeeman splitting, i.e., the relative impacts of BL and
the external field Bdark, respectively. Note, that Bdark does not
exceed the so-called mixing field Bm, which was estimated to
�5 mT in Ref. [20], such that Zeemann and spin interaction
reservoirs are in lowest order always in thermodynamic equi-

FIG. 1. Measured NSR rate � (black squares) as a function
of Bdark for nd = 1.73 × 1016 cm−3 at T = 6.5 K . The solid line
is a fit to the data according to Eq. (3) with ξ = 8.79(74) and
BL = 0.39(4) mT. Inset: Measured nuclear magnetic field BN (black
squares) in dependence on tdark. The blue line depicts a single expo-
nential fit yielding �.
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FIG. 2. Dependence of the high field NSR rate �, in bulk n-type
GaAs on doping density measured at T = 6.5 K . Here only the
fully delocalized fraction of nd enters the Korringa rate according
to Eq. (2). The values nc1 and nc2 denote critical densities (see text).

librium [21]. We extract BL in dependence on doping density
for all our samples and find an increase of BL from 0.35
at nd = 1.2 × 1015 cm−3 to 0.9 at nd = 1.03 × 1017 cm−3

which lies well within previously determined values. In the
remaining work, we will focus on the dependency of the ex-
tracted � = �Z as the so-called high field (Bdark � BL) NSR
rate [19] on doping density and sample temperature.

III. DOPING DEPENDENCE OF NUCLEAR SPIN
RELAXATION AT HIGH MAGNETIC FIELDS

Figure 2 shows the measured high field NSR rate (orange
dots with error bars [22]) in dependence on doping concen-
tration for a lattice temperature of 6.5 K. The two vertical
lines denote the critical densities nc1 = 1.6 × 1016 cm−3 and
nc2 = 8 × 1016 cm−3, i.e., the point of finite conductivity in
the limit of zero temperature MIT and the onset of impurity
band hybridization with the conduction band, respectively. At
low doping concentrations nd < nc1, � increases monotoni-
cally with increasing nd reaching a maximum around nc1. For
nd > nc1, � decreases in turn with increasing nd and becomes
in good approximation independent of nd around nc2.

In the following, we want to give a quantitative description
of this NSR process. The high magnetic field value of � is well
described by Eq. (1) for very low temperatures and doping
concentrations far below the MIT, i.e., n−1/3

d � aB. However,
the density of localized donors acting as effective drains for
the nuclear spin polarization differs significantly for condi-
tions deviating from these constraints. The relative number of
fully localized donor electrons decreases with increasing nd

due to the increasing overlap of the donor wave functions, and
the original linear increase of �D with increasing nd in Eq. (1)
becomes sublinear. For nd > nc1, not only the relative but even
the total number of fully localized donor electrons starts to
decrease with increasing nd . As a consequence, �D decreases
and becomes negligible for doping densities above the sec-
ond MIT (nc2). At the same time, the number of delocalized
electrons increases with increasing doping concentration and

consequently the NSR rate increases according to the Kor-
ringa mechanism described by Eq. (2).

In order to calculate � quantitatively, we extract in a first
step the fraction of localized electrons η acting as efficient
killing centers from the transport measurements on the very
same samples presented in Ref. [17] by

η = 1 − n6.5K
H /nd , (4)

where n6.5K
H is the Hall carrier density at 6.5 K and nd is the

doping density extrapolated from the high-temperature Hall
measurements. The extracted η can be fitted by

η = e−nd /αn , (5)

with αn = 1.43(20) × 1016 cm−3, whereat the exponential re-
lation between the density of isolated localized donors and
nd results from Poisson statistics. The constant αn can also
be estimated as consistency check by calculating via Poisson
statistics the probability of finding a single donor, which wave
function—extending over its Bohr radius aB—does not over-
lap with other donors (see Appendix C for details concerning
the exponential fit and the unpretentious calculation of the
probability). Please note that the experimental transport data
include already the ionization of the localized donors due to
the finite temperature.

In a second step, we calculate (a) the NSR due to diffusion
by replacing the total number of donors nd in Eq. (1) by the
number of localized electrons nd,loc = η nd and (b) the NSR
rate due to the Korringa mechanism by using n6.5K

H as the
effective number of delocalized electrons. Figure 2 depicts
as a green dashed line the resulting NSR due to localized
electrons, as a blue dashed-dotted line the NSR due to the Ko-
rringa mechanism, and as a solid line the total NSR rate � =
�D + �K . The only adjustable parameter is the average nu-
clear spin diffusion constant which lies with Dav = 0.63(6) ×
10−13 cm2 s−1 [23] in the same range as previously measured
values [1]. We want to point out that our measurement is rather
precise concerning � but not concerning a general value for
Dav, since (a) the donor electron HF interaction is not a simple
hard-sphere killing center for nuclear spins and (b) the values
for D differ for the three distinct isotopes for B � BL.

IV. TEMPERATURE DEPENDENCE OF THE NUCLEAR
SPIN RELAXATION RATE

Figure 2 shows an excellent agreement between experi-
ment and theory for all doping densities but the very lowest
one, i.e., nd = 1.2 × 1015 cm−3. At such a low doping con-
centration the Korringa mechanism is negligible and the NSR
rate due to diffusion to a donor should become significantly
lower than experimentally observed. In order to disclose this
case, we measure for this low doped sample additionally the
temperature dependence of �. The orange dots with error bars
in Fig. 3 depict � in dependence on temperature. The mea-
sured � first decreases with increasing temperature but starts
to increase in turn at higher temperatures. The green dashed
line depicts the calculated �D which is significantly too small
to explain the experimental data and decreases continuously
with temperature due to the thermal ionization of localized
electrons [24]. The Korringa mechanism does not play a sig-
nificant role due to the low carrier density. The experimentally
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FIG. 3. Temperature dependence of � for a doping density of
nd = 1.2 × 1015 cm−3 measured at Bdark. The NSR due to quadrupo-
lar two-phonon process �P is shown with respect to the right axis.
Please note the different scale.

observed increase for T > 12 K cannot be attributed to the
onset of phonon induced NSR since the impact of dipolar
and quadrupolar one- and two-phonon contributions accord-
ing to calculations is orders of magnitude too small [12]. The
highest NSR rate due to phonons �P relies on quadrupolar
two-phonon processes and is shown with respect to the right
axis in Fig. 3 which differs by five orders of magnitude in
comparison to the left axis. Even if these calculations might
underestimate �P, comparative measurements from Lu et al.
[3] on semi-insulating and n-doped GaAs confirm that phonon
induced NSR can be neglected at low temperatures in n-doped
GaAs.

One might think that the relatively fast NSR at low
temperatures could result from the omnipresent continuous
alteration of the local charge environment inducing fluctuating
quadrupolar fields which effectively leads to a relaxation of
the nuclear spin system into its equilibrium state [25,26].
However, first, the p-type background doping is much too
small in order to yield a significant density of charged defects
and, second, the NSR rate is extracted under dark conditions,
i.e., no charge fluctuations due to above band gap excitation
can take place. All contributions via spin interaction with
delocalized electrons type mechanisms do not play a role here
since their magnitude is much too small in this doping regime.

Basically, the only fluctuating source left radiating into
the nuclear spin bath results from the spin relaxation of the
localized donor electrons which has a distinct temperature de-
pendence due to the joint contribution of spin rotation via HF
interaction and variable range hopping (VRH). In the simplest
case, these fluctuations should contribute an additional NSR
rate

�ESR = AESRγ (VRH+HF)
s,e , (6)

where AESR is a dimensionless coupling constant and
γ (VRH+HF)

s,e the electron spin relaxation (ESR) rate. The process
describes the heat contribution of the localized electron spin
dynamics to the nuclear spin system.

Figure 3 shows �ESR as a dashed magenta line with
AESR

∼= 6.7 × 10−10 being the only fitting parameter. The cor-
responding electron spin relaxation rate γ (VRH+HF)

s,e has been
calculated according to the values and equations given in
Ref. [17] (For more information, see Appendix E). The sum of
two calculated rates �ESR + �D yields rather good agreement
with the measured NSR. Please note that �ESR is implicitly
depending on the doping density via the electron spin relax-
ation rate, which depends on nd itself. This context has not
been included in the calculated density dependence shown in
Fig. 2 since (a) the electron spin relaxation rate and its effect
of HF interaction and (b) the fraction of localized electrons
decreases significantly with increasing doping concentrations.

We want to point out that a quantitative study of this pro-
cess is beyond the scope of this paper and that the observed
correlation between � and electron spin relaxation rate is not
unambiguous. Molecular beam epitaxy samples with carrier
densities of 1.2 × 1015 cm−3 and lower have not only a finite
carbon background doping concentration but might also have
other unintentional side-effects like electric fields and electron
depletion or free electrons from under- or overcompensation
of the surface Fermi level pinning, respectively.

V. CONCLUSION

In conclusion, we measured the nuclear spin relaxation rate
in the high field limit in a contiguous set of accurately charac-
terized n-type GaAs samples with different doping densities
around the metal-to-insulator transition. The available trans-
port data allows the quantitative calculation of the nuclear
spin relaxation rate including only nuclear spin diffusion to
the donor electrons as efficient killing centers and Korringa
spin relaxation. The calculations yield an excellent agreement
between experiment and theory with the spin diffusion con-
stant being the sole adjustable parameter. Only the measured
nuclear spin relaxation rate of the very lowest doped sample
shows a significant deviation from this quantitative model.
Temperature-dependent measurements indicate as cause a nu-
clear spin heating process by localized electrons with fast
HF-induced electron spin relaxation but further experiments
and theory are necessary to validate this picture.
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APPENDIX A: MEASUREMENT SETUP AND METHOD

Figure 4 shows the experimental setup for the measurement
of the NSR rate using a Hanle-type PL depolarization scheme.
Polarization and intensity control of the optical excitation are
performed by a half wave plate (λ/2), a linear polarizer (LP),
and a quarter wave plate (λ/4). The excitation intensity is
always kept so low that the fraction of the optically injected
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FIG. 4. Schematic representation of the experimental setup for
measuring nuclear spin relaxation rates in n-type GaAs samples via
a Hanle-type depolarization scheme.

carriers remains at least a factor of hundred below the doping
density. An electrically controlled mechanical shutter blocks
the laser after 300 s of optical pumping for the time tdark dur-
ing which the optically pumped nuclear spin system decays
exponentially toward its equilibrium state. The Earth’s mag-
netic field is shielded at the sample position by a pair of
Helmholtz coils in the direction normal to the applied mag-
netic field and the detection direction. The degree of circular
polarization of the emitted PL is detected in reflection geom-
etry by a Si photodetector and a lock-in amplifier whereat a
combination of a 50-kHz photoelastic modulator and a LP is
used to alternate the detection between the left (σ+) and right
(σ−) circularly polarized component of the PL. Spectrally
resolved PL measurements confirm in a control experiment
that this degree of circular polarization results from the re-
combination of carriers at the Fermi energy.

Figure 5 shows two preparatory measurements which were
carried out for each sample in order to identify the optimal
magnetic field for the detection of the nuclear spin polariza-
tion. The green triangles are measured with the setup depicted
in Fig. 4 by slowly sweeping the amplitude of the external
magnetic field and measuring at the same time the degree of
PL polarization. The optical pumping by circularly polarized
light induces a macroscopic nuclear magnetic field which
strongly modifies the shape of the Hanle curve [2]. The black
squares show on the other hand a Hanle curve where the
polarization components were exchanged between excitation
and detection, i.e., the excitation was rapidly modulated be-
tween σ+ and σ− polarization which efficiently suppresses
the build up of nuclear spin polarization. In this case, the
Hanle depolarization signal can be very accurately fitted by
the Lorentzian function [2]

ρ(B) = ρ0

1 + ( gμB

γe h̄ Beff
)2 , (A1)

where ρ0 is the Hanle polarization signal at B = 0, g is the
Landé g factor of the donor bound electron, μB is Bohr
magneton, and γe is the electron spin relaxation rate. The fit

FIG. 5. The black squares depict a typical Hanle curve measured
with 50-kHz modulation of the excitation polarization, i.e., without
relevant optical pumping of the nuclear spin system, and the red solid
line a corresponding Lorentzian fit according to Eq. (A1). The green
triangles depict in contrast the measured Hanle curve for excitation
with right circularly polarized light where dynamic nuclear spin
pumping changes the shape of the Hanle curve drastically [2]. Both
Hanle curves are normalized to their respective maxima.

is shown as a solid red line in Fig. 5 and its full width at

half maximum B1/2 = 2( γe h̄
gμB

)
2

is a direct measure for γe [2].
The two preparatory measurements are necessary in order to
choose an external magnetic field for the actual measurement
where the change of the PL polarization is large and yields an
optimal signal-to-noise ratio.

Figure 6 shows exemplarily Hanle depolarization tran-
sients for such an optimal external magnetic field recorded
after the process of optical nuclear spin pumping and
subsequent NSR in the dark. The amplitude of the PL polar-
ization signal at t = 0 s, ρdark, clearly depends on tdark and
decays exponentially due to the repumping of the nuclear spin
polarization to its initialization value. The time constant of
the exponential decay is approximately constant. The precise
amplitude at t = 0 s is extracted by an exponential fit to these
transients and used to calculate the nuclear magnetic fields by
[2]

BN = B1/2

√
ρ0 − ρdark

ρdark
− Bpump. (A2)

The resulting BN are depicted in the inset of Fig. 1 and can be
well fitted by a single exponential decay which yields �.

APPENDIX B: LOCAL MAGNETIC FIELD

The local magnetic field BL is directly extracted with
Eq. (3) from the measurements of � versus Bdark as exem-
plified in Fig. 1. The inset of Fig. 6 depicts the resulting BL as
blue squares with error bars and for comparison literature val-
ues which show on the whole a comparable increase with nd ,
which reason, however, is open. Please note that the literature
values are not measured on a contiguous set of samples but
with varying methods on differing GaAs bulk and microcavity
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FIG. 6. Hanle depolarization transients recorded after different
dark times for nd = 6.02 × 1016 cm−3, Bdark = 1.17 mT, and T =
6.5 K. The opening of the laser shutter defines t = 0 s. The inset
shows the density dependence of the local magnetic field which has
been extracted from the measured �(Bdark ) according to Eq. (4) (blue
squares). The other symbols depict for comparison a compilation of
BL from literature.

samples where for example varying strain-induced quadrupole
splittings lead to a significant scattering of the measured BL

[14,16,20,27–30].

APPENDIX C: SAMPLES AND DEGREE OF
LOCALIZATION

Table I summarizes the sample properties extracted from
transport measurements while the black squares in Fig. 7 show
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FIG. 7. Dependence of the localization fraction η on doping
density.

the dependence of the localization fraction η on the doping
density nd . The localization fraction has been calculated with
Eq. (4) and n6.5K

H from Ref. [17]. The red line in Fig. 7 is a fit to
end /αn with αn = 1.43(20) × 1016 cm−3. Such an exponential
relation between the number of isolated single donors and nd

follows directly from Poisson statistics. A finite deviation of
η calculated from the measured n6.5K

H with Eq. (4) is not sur-
prising for nd > nc1 since not only the localization of single
donor electrons but also the localization of ensembles of donor
electrons start to play a role. In contrast to single localized
electrons such localized ensembles of interacting electrons are
not as efficient nuclear spin “killing centers.”

The constant αn can also be estimated via Poisson statistics
from the probability of finding a single donor which wave
function—extending over its Bohr radius aB—is nonoverlap-
ping with other donors, i.e., which is noninteracting apart from
screening effects, and can count as active magnetic impurity.
With μ = nd/n�, where n� is the lattice site density of the
host crystal, the probability that a site is not occupied by a
donor is e−μ. The exclusive volume where no other donor
overlap exists is Vno = 4π

3 (2aB)3. The total probability p(nd )
of finding such a situation is given with Nno = Vnon� as

p(nd ) =
Nno∏
i=1

e−μ = e− 32
3 πa3

Bnd . (C1)

The prefactor in the exponent in Eq. (C1) equals the ex-
perimentally determined αn for an effective Bohr radius of
aeff

B ≈ 12.8 nm which is only slightly larger than the typical
donor Bohr radius for Si dopants in GaAs. Such a slightly
larger radius is not unexpected since the donor electron wave
function extends beyond aB. Also, screening and any other
interaction effects have not been considered in this basic
estimate.

APPENDIX D: CARRIER STATISTICS

The number of localized carriers reduces with increasing
temperature due to ionization. This effect is included in our
calculations by Blakemore’s equation for the temperature de-
pendence of the number of localized donor electrons [24],

nd,loc(T ) = nd − 2nd

1 + √
1 + 4βnd/ncb,eff eEd /(kBT )

, (D1)

where Ed = 5.8 meV is the donor binding energy, β is the
spin degeneracy of the donor state, ncb,eff = 2(2m

ekBT )3/2h−3

is the effective density of states, and m
e = 0.067m0 is the

effective electron mass in GaAs.

APPENDIX E: ELECTRON SPIN RELAXATION RATE

The electron spin relaxation rate in Eq. (6) includes VRH
and HF spin relaxation rates, i.e., γs,e = γVRH + γHF. The
following is a short summary of the calculations presented in
Ref. [17]. The VRH spin relaxation rate for electrons hopping
between two impurities separated by Ri j with a rate of τ−1

hop is
given by:

γVRH = τ−1
s,hop = 2

3
〈θ2(Ri j )〉/τhop. (E1)
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Here the electron spin rotates by a small rotation angle
θ (Ri j ) during each hop due to spin orbit interaction en-
tailing an effective relaxation of the spin polarization. The
hopping time τhop = Dhop/(6R2

opt ) is defined by (a) the spe-

cific diffusion constant Dhop = μH
kBT
e0

= σhopkBT
nH e2

0
with the Hall

mobility μH and (b) the optimal hopping distance Ropt =
[9ad/(8πNEF kBT )]1/4. The effective Hall carrier density nH

is the difference between the impurity and conduction band
carrier densities ndi and ncb, respectively. The optimal hopping
distance depends on the density of states at the Fermi energy
NEF , which is the only free parameter available from the tem-
perature dependence of the measured conductivity (see Fig. 4

from Ref. [17]):

σhop(T ) = σ0(NEF )T −1/2e−[T0(NEF )/T ]1/4
, (E2)

where T0 = 512/(9πa3
BkBNEF ) and σ0T −1/2 =

e2R2
optνH NEF /6 are used with the attempt rate given by

the phonon frequency νH = 8.8 THz [31]. We use the relation
from Gor’kov and Krotkov [32] for calculating 〈θ2(Ri j )〉.

The relaxation rate from the HF interaction is calculated
via Eq. (7) from Ref. [17]:

γHF = τ−1
s,HF = 〈

�2
N

〉
τc = (μBg∗/h̄)2

〈
B2

N

〉
τc, (E3)

with τc = τhop, BN = 5.4 mT, and the energy-dependent ef-
fective electron g factor [33].
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